Abstract -Shubnikov-de Haas (SdH) oscillations, Hall effect, and optical reflectance (R(ω)) measurements have been performed on single crystals of BiTeBr. Under magnetic fields up to 32 tesla and at temperatures as low as 0.4 K, the SdH data shows a single oscillation frequency F = 102 ± 5 tesla. The combined transport and optical studies establish that the SdH effect originates from the Rashba spin-split bulk conduction band, with the chemical potential situated about 13 meV below the crossing (Dirac) point. The bulk carrier concentration was ne ≈ 5 × 10 18 cm −3 and the effective mass m * 1 = 0.16m0. Combining SdH and optical data, we reliably determine the Rashba parameters for the bulk conduction band of BiTeBr: the Rashba energy ER = 28 meV and the momentum spin-split kR = 0.033Å −1 . Hence, the bulk Rashba coupling strength αR = 2ER/kR is found to be 1.7 eVÅ.
The V-VI-VII layered semiconductors BiTeX (X = Cl, Br, I) have emerged as very promising SOC materials. The inversion-asymmetric crystal structure and the large spin-orbit interaction originating from Bi give rise to a large shift of their electronic bands in momentum space, i.e., Rashba spin-splitting. The Rashba effect plays a very important role in the field of spin-related devices and phenomena, and, therefore, continues to represent a hot topic in condensed-matter physics [2] . The magnitude of the effect is quantified in terms of the Rashba coupling parameter α R = 2E R /k R , which connects the splitting energy E R and the splitting momentum k R [3] . A large coupling parameter is needed for applications. In engineered interfaces or surfaces, α R is typically smaller than 1 eVÅ, but there are reports of values up to 3 eVÅ for Bi atoms on the surface of Cu or Ag alloys [4, 5] .
In contrast, angular resolved photoemission spectroscopy (ARPES) measurements and band structure calculations show that BiTeI has a Rashba coupling parameter as high as α R ≈ 4-5 eVÅ [6] , and unlike in twodimensional structures, the spin splitting occurs within the 57003-p1 bulk electronic bands. BiTeI consists of ionically bound Bi, Te and I three-layers, with the three-layers stacked by van der Waals interactions. This gives rise to a crystal structure without inversion symmetry (the P3m1 space group symmetry), which together with spin-orbit interaction is at the center of spin splitting. Theoretical work has shown that, additionally, BiTeI fulfills other requirements for a bulk character of the splitting, such as narrow band gap and identical symmetries of the top valence and bottom conduction bands [7] .
Subsequently, this bulk Rashba effect has been both observed and calculated in the similar compounds BiTeCl and BiTeBr. The existence of surface states has also been demonstrated in these materials [6, 8, 9] . Furthermore, it was shown that BiTeI becomes a topological insulator under pressure [10] [11] [12] , while BiTeCl has topologically protected surface states even at ambient pressure [13] and it becomes a superconductor under pressure, possibly the first example of a topological superconductor [14] . There are, however, unsettled questions regarding both the bulk and the surface properties. For BiTeBr in particular, the reported values of the bulk Rashba parameter differ by almost a factor of two, from about 2 eVÅ for theoretical calculations [15, 16] to 4 eVÅ for ARPES results [17] . In this letter, we show that by combining Shubnikov-de Haas oscillations and infrared optical reflectance, we can determine reliably the momentum and energy splitting, and hence the value of the Rashba parameter α R for the bulk conduction band of BiTeBr.
Experimental. -We studied single crystals with approximate dimensions 5 × 3 × 0.1 mm 3 , selected from a batch grown and characterized according to ref. [18] . Shubnikov-de Haas measurements were performed in Cell 9 at the National High Magnetic Field Laboratory. This facility combines a top loading 3 He cryostat, with sample in liquid, and a 32 tesla resistive magnet. Additional measurements of temperature-dependent resistance and Hall effect were performed using a commercial PPMS system from Quantum Design. Room temperature optical reflectance data (R(ω)), at frequencies between 30 cm −1 and 32000 cm −1 (4 meV-4 eV), were taken using a combination of a Bruker 113v Fourier spectrometer and a Zeiss microscope photometer. Then, Kramers-Kronig analysis was used to estimate the optical conductivity σ 1 (ω), using an extrapolation procedure described in ref. [19] . On cleaving a thin layer from a crystal, we found that the sample also transmits below the band gap and above the free-carrier band; we measured transmittance at temperatures between 30 and 300 K.
Results and discussion. -The lower inset of fig. 1 shows the temperature dependence of the resistance, R(T ). It can be seen that the resistance has a metallic character, decreasing by a factor of about two upon cooling from room temperature to 5 K. This behavior is consistent with most Bi-based semiconductors whose chemical potential lies above the conduction band minimum. A small upturn of R(T ) is observed below 20 K; its cause remains to be further investigated. From Hall measurements we found that the carriers are electrons with a concentration n ≈ 5 × 10 18 cm −3 , constant with temperature. The main panel of fig. 1 shows the magnetic-field dependence of the Hall resistance at T = 0.4 K, in magnetic field up to 32 tesla. The SdH oscillations are clearly visible above 15 tesla. After subtracting the smooth background and performing a Fourier transform of R Hall (1/B), we found a single frequency F = 102 ± 5 T. While it does not prove the Rashba effect in BiTeBr, the existence of only one SdH oscillation may still consistent with a spin-split conduction band, when the Fermi energy is situated below the crossing (Dirac) point, as sketched in the upper inset of fig. 1 . In this case the spectrum has only one frequency, corresponding to the outer extreme orbit. We calculated the corresponding momentum k out = 0.056 ± 0.001Å −1 . The main panel of fig. 2 shows the evolution with temperature between 0.4 and 35 K of SdH oscillations in the resistance. A relatively slow suppression of amplitude with increasing temperature can be observed, specific to a low effective mass. In the inset of fig. 2 we plot the temperature dependence of the amplitude of the oscillation at 1/B = 0.0385 T −1 , or B = 26 T. A fit to the Lifshitz-Kosevich formula [20] yields an effective mass m * = (0.15 ± 0.01)m 0 , where m 0 is the free-electron mass. This value is very similar to previous findings for BiTeI and BiTeCl [21, 22] .
The existence of surface states in BiTeBr has been established both theoretically and from ARPES data, and it is still debated whether they form a quantum well due to surface bending of the conduction band or instead a distinct two-dimensional conducting layer that separates
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Experimental determination of the bulk Rashba parameters in BiTeBr (red symbols) and a fit (blue line) to the temperature dependence of the Lifshitz-Kosevich formula [20] .
from the bulk [15] [16] [17] . It is therefore imperative to establish the origin of the SdH effect observed in our data: surface or bulk? We will make the case that our results strongly support SdH oscillations of bulk carriers; moreover, we provide, to the best of our knowledge, the first reliable experimental characterization of the bulk electronic properties of BiTeBr.
First, we look in fig. 3(a) at the angle dependence of the SdH oscillations (at T = 0.4 K), displayed as a function of the magnetic-field component perpendicular to the sample surface (B cos(θ)). At angles above θ ≈ 30
• , it appears obvious that the oscillations no longer scale with the normal component of the magnetic field. Also, if we plot either the position of the peak from the Fourier transform, shown in fig. 3(b) or the location of a particular minimum in the oscillations, we can see in fig. 3 (c) that at higher angles there is clear departure from the 1/ cos(θ) behavior expected for a two-dimensional Fermi surface. This strong evidence for a three-dimensional Fermi surface basically rules out possible surface origin of the SdH oscillations. SdH oscillations of carriers confined to a surface should have a strong two-dimensional character and should have scaled well with the normal component of the field. Moreover, a strong suppression of the amplitude with tilting magnetic field is expected for surface oscillations; the oscillations in fig. 3 remain prominent up to an angle as high as 50
• .
Second, we compare the results from Hall effect and SdH oscillations with those from infrared optical reflectance R(ω), shown in fig. 4(a) . We showed previously [21] for the case of BiTeI that a monolayer-thick conducting surface layer, with impedance R ∼ 2000 Ω , affects the far-infrared reflectance of a conductor with conductivity of order σ 1 ∼ 100 Ω −1 cm −1 by less than 0.5%. Therefore, R(ω) of BiTeBr, shown in fig. 4(a) , should be governed almost entirely by the response of the bulk. The low-frequency reflectance is about 90%. A plasma edge can be clearly observed in the midinfrared spectral range, supporting the metallic nature of the bulk of BiTeBr. Sharp phonon modes are also observed at low frequencies. These phonon modes will be discussed elsewhere.
The optical conductivity, σ 1 (ω), (from Kramers-Kronig analysis) is shown in the inset of fig. 4(a) . A strong absorption edge, associated with the semiconducting gap E g and several interband transitions dominate the midinfrared range. The optical conductivity rises rapidly above 0.5 eV, suggesting a gap near this value. The more accurate estimate of the band gap is obtained from measurements of transmittance, shown at 30 and 300 K in the inset of fig. 4(b) . As can be observed, there is transmission at energies between 250 meV and 600 meV. The higher-frequency cut-off (edge) at 600 meV is associated with the onset of direct interband transitions between the valence and the conduction bands, i.e., across the band gap. A 40 meV shift with temperature can be clearly seen. Now, the estimate of E g also depends on the position of the chemical potential. However, we will show later that the electron concentration in the present sample puts the Fermi level only about 13 meV above the conduction band minimum, making our estimate of E g ≈ 600 meV a valid one. This value is in very good agreement with a previous optical study [23] and shows that the band gap in BiTeBr is almost twice as large as in BiTeI, thus making BiTeBr appealing for practical applications.
The low-frequency optical conductivity contains a clear zero-frequency (Drude) peak and sharp phonon modes. The dc conductivity is σ(0) semiconductor. In order to extract the free-carrier properties, we fit both R(ω) and σ(ω) with a Drude-Lorentz model [24] , optimizing the fit so that the same set of parameters reproduces best both quantities. The fit found a Drude plasma frequency ω p = n e e 2 /m * 0 = 208 meV/ (1680 cm −1 ) and a scattering rate 1/τ = 25 meV/ (200 cm −1 ). If we assume that the Hall effect originates from bulk carriers and consider the carrier concentration n e ≈ 5 × 10 18 cm −3 , then the bulk effective mass, obtained from the plasma frequency, is identical to that from SdH oscillations. This agreement further supports the common origin of the carriers responsible both for optical response and for quantum oscillations in BiTeBr.
We now have the information required to calculate the Rashba parameters of BiTeBr, assuming a conduction band configuration and the notation from the upper inset of fig. 1 . The energy E α represents the onset of the intraband transition from the Fermi level of one spin branch to the branch with opposite spin. For small values of the onset, i.e., for the Fermi level close to the crossing point, fig. 1 indicates that E α /2 represents the energy between the Fermi level and the crossing point:
expression can be written as
where k R and k F are the Rashba and the Fermi momenta, respectively, as shown in the upper inset of fig. 1 . Next, from the same figure, we can also write
where k out = 0.056Å −1 is the outer Fermi momentum obtained earlier from the frequency of the SdH oscillations. The optical conductivity gives the energy E α from the onset of the first (lowest-energy) intraband transition. The main panel of fig. 4(b) , shows σ(ω) with the Drude contribution subtracted. The first optical excitation can be clearly identified around E α = 24 meV, marked with an arrow in the figure. Above this energy, conductivity, i.e., optical absorption starts increasing monotonically, consistent with an optical transition. Substituting E α in eq. (1) and solving the system of two equations above, we obtain k F = 0.023Å −1 and k R = 0.033Å −1 . Then, based on the previous assumption of parabolic band dispersion, the Fermi energy is obtained as E F = 14 meV and the Rashba energy E R = 26 meV. Furthermore, we find the bulk coupling strength α R = 2E R /k R = 1.7 eVÅ. This value, while significantly lower than that determined from ARPES [17] , agrees well with theoretical calculations from ref. [16] . We point out here that our result is based on a combination of two robust bulk probes, optical spectroscopy and quantum oscillations, where we ruled out the possible surface origin of the data in both measurements. Moreover, the procedure may serve as a template for determining the bulk electronic properties in Rashba materials, or other semiconductors with strong spin-orbit coupling, such as topological insulators, or bulk Dirac fermions.
In conclusion, we have determined the bulk electronic properties of BiTeBr. We found that BiTeBr is a doped semiconductor, with a band gap E g ≈ 600 meV. Furthermore, the bulk conduction band shows a Rashba spin splitting with momentum k R = 0.033Å −1 and energy E R = 26 meV. The bulk coupling strength is calculated to be α R = 1.7 eVÅ. * * * The NHMFL is supported by NSF Cooperative Agreement No. DMR-1157490 and the State of Florida. CM acknowledges support through a grant from the Ramapo College Foundation. We thank Bobby Joe Pullum for support with the experiment at the National High Magnetic Field Laboratory. We also thank Dmitrii Maslov for stimulating discussions.
